We present a numerical study of the evolution of galaxy clustering when galaxies flow passively from high redshift, respecting the continuity equation throughout. While passive flow is a special case of galaxy evolution, it allows a well-defined study of galaxy ancestry and serves as an interesting limit to be compared to non-passive cases. We use dissipationless N-body simulations, assign galaxies to massive halos at z = 1 and z = 2 using various halo occupation distribution (HOD) models, and trace these galaxy particles to lower redshift while conserving their number. We find that passive flow results in an asymptotic convergence at low redshift in the HOD and in galaxy clustering on scales above ∼ 3h −1 Mpc for a wide range of initial HODs. As galaxies become less biased with respect to mass asymptotically with time, the HOD parameters evolve such that M 1 /M min decreases while α converges toward unity, where M min is the characteristic halo mass to host a central galaxy, M 1 is the halo mass to host one satellite galaxy, and α is the power-law index in the halo-mass dependence of the average number of satellites per halo. The satellite populations converge toward the Poisson distribution at low redshift. The convergence is robust for different number densities and is enhanced when galaxies evolve from higher redshift. We compare our results with the observed Luminous Red Galaxy (LRG) sample from Sloan Digital Sky Survey that has the same number density. We claim that if LRGs have experienced a strict passive flow, their N g (M) should be close to a power law with an index of unity in halo mass. Discrepancies could be due to dry galaxy merging or new members arising between the initial and the final redshifts. The spatial distribution of passively flowing galaxies within halos appears on average more concentrated than the halo mass profile at low redshift. The evolution of bias for passively flowing galaxies is consistent with linear bias evolution on quasilinear as well as large scales.
INTRODUCTION
An accurate match between galaxies at different redshifts can provide essential clues for constructing theories of galaxy evolution. The ancestry of a given population of galaxies, however, is complicated to establish: as galaxies undergo major or minor merging with different probabilities or have different star-formation rates, individual galaxies may no longer retain the common internal, observational properties at later redshifts. Meanwhile, the evolution of clustering of the given initial galaxy population as a whole can provide another route to trace ancestry, in principle, independent of the evolution of the appearance (i.e., the internal properties) of galaxies: except for on very small scales where the baryonic physics may dominate, the clustering of galaxies depends on the clustering of the typical underlying density peaks where they reside. Understanding the evolution of clustering of galaxy populations can provide a key tool for controlling the uncertainties in the evolution of the appearance of galaxies. As a starting point, in this paper we will study how a given galaxy population is spatially distributed at low redshift under the assumption that a single unchanging set of galaxies flows from various initial distributions at high redshift. In other words, we consider the effect of the continuity equation in gravitational clustering, with no sources or sink terms due to galaxy merging or formation.
Recent studies show that one can reproduce the clustering of observed galaxies by taking the halos and their subhalos as a proxy between the galaxies and mass with a proper correspondence of galaxy luminosity to halo mass (Colín et al. 1999; Neyrinck et al. 2004; Kravtsov et al. 2004; Conroy et al. 2006; Weinberg et al. 2006) . The resulting occupancy of the galaxies among halos is often parameterized in the form of halo occupation distribution at the given redshift (hereafter, HOD) (Benson et al. 2000; Peacock & Smith 2000; Seljak 2000; Scoccimarro et al. 2001; Benson 2001; White et al. 2001; Berlind & Weinberg 2002; Berlind et al. 2003; Kravtsov et al. 2004; Zehavi et al. 2005b; Zheng et al. 2005; Zheng & Weinberg 2007; Zheng et al. 2007a ). In those semi-analytic and SPH simulations, galaxy populations are selected by stellar or baryon mass that would correspond to observational properties at the given time. Such snapshots at different redshifts collectively offer a general idea on the evolution of clustering and halo occupation statistics of galaxies. For example, the distinction between old and young populations in Berlind et al. (2003) and Zheng et al. (2005) hints an evolution of HOD of galaxies with time.
However, the characteristics of the clustering evolution of a given population are difficult to directly infer from these studies, as here the set of galaxies at low redshift does not necessarily have a one-to-one relation with the set at high redshift. Conversely, the connection between populations at different epochs can be tested and confirmed once we understand the characteristics of the clustering 1 evolution for a given population by means of N-body simulations.
In addition, once we understand the evolution of clustering of galaxies, we also acquire a better handle for the clustering bias between the galaxies and mass, which is crucial for deriving cosmological information from the galaxy distribution. That is, to isolate useful cosmological information from the observed galaxy distributions, we need a good theory to predict the characteristics of galaxy correlation function for a given population so that we can reduce the uncertainty in modeling galaxy clustering.
What is meant by 'a given population of galaxies' of course depends on our definition. By defining a population at the initial redshift regardless of their appearance at the observed time, we naturally exclude the addition of any new members to the population during evolution. The galaxies of a given initial population in reality may undergo merging among them, in which case members of the population at different redshifts no longer have a one-to-one correspondence. In this study, we want to test the clustering evolution of a galaxy population when its members are preserved throughout evolution. As such, the population respects the continuity equation without source (i.e., new members) and sink terms (i.e., merging) and therefore its number is conserved. We refer to this as 'passive flow' evolution of a galaxy population, as an analogy to the passive stellar evolution where the stellar population within an individual galaxy is preserved. Although this passive flow is certainly not the whole picture of galaxy evolution, it serves as an interesting limit of galaxy clustering evolution by itself and so as a template to be compared to non-passive flow evolution. It is shown that the continuity equation naturally forces the evolution of clustering of biased tracers to converge to a small area of parameter space, at least on large scales: the bias on large scales converges toward unity with time (Dekel & Rees 1987; Nusser & Davis 1994; Fry 1996; Hamilton 1998; Tegmark & Peebles 1998) . In this paper we test whether the continuity condition, i.e., passive flow, results in further distinct parametric signatures.
We use dissipationless N-body simulations, identify halos, and assign galaxies to halos based on various halo occupation distributions. We trace these galaxies to lower redshifts while conserving their numbers, and study the evolution of HOD and the correlation function in the turnaround regime (i.e., quasilinear or smaller scales).
We then compare the results of passive flow with observed galaxy populations. While galaxies flow passively, the stellar contents of individual galaxies may or may not passively evolve. Even without merging, some galaxies within a given initial population may continue to form stars with existing cold gas and stay blue, while others might end star formation and become red. However, such a heterogeneous appearance makes it difficult to select a consistent set of objects at the two redshifts, i.e., to avoid sources and sink terms. We thus consider red galaxies that have lost their cold gas content and ceased star formation before z ∼ 1 or 2 (i.e., galaxies with passive stellar evolution) as an observational counterpart. Such galaxies will likely maintain a common observational appearance during the subsequent evolution. When comparing to the observations, we will look for any discrepancies in galaxy correlation function and HOD that might indicate galaxies entering or leaving the observed population. Hereafter, we often use the term galaxy 'evolution' to describe the evolution of galaxy distributions through passive flow. We will explicitly use 'passive stellar evolution' to distinguish from passive flow. An example of such comparison between the numerical passive flow evolution and the observed red galaxies is found in White et al. (2007) . In this paper, we aim at a more extensive study of characteristics of passive flow evolution.
We compare our results with Luminous Red Galaxies (hereafter, LRGs) from Sloan Digital Sky Survey (hereafter, SDSS) at z = 0.3 (Eisenstein et al. 2001) , as an observational counterpart. These galaxies reside in very massive halos, and their red colors, lack of cold gas, and the evolution of luminosity function imply that they have had low star formation rates for a few billions of years (e.g., Wake et al. 2006; Brown et al. 2007 ). The observed smallscale clustering implies their low merger rate, at least at low redshift (Masjedi et al. 2006) . Therefore the comparison of our results to the LRGs will manifest signatures of non-passive flow evolution in the LRGs if any. With these realistic counterparts available, we focus our study of passive flow evolution on galaxies that give the LRG number density at low redshift. We call these galaxies as 'progenitors' of the LRGs. We do not assume any specific observational properties of these progenitors, but only assume that these progenitors are a population that is distributed in halos as a function of the host halo mass at the initial redshift and are set to undergo passive flow after the initial redshift. We look for any dependence of the outcome on the initial redshift. We also study the passive flow evolution for lower mass halos to find whether the signatures of passive flow depend on a halo mass range.
In § 2 we describe the parameters for N-body simulations and methods for assigning LRG progenitors at high redshift. In § 3 we present the results of the first moments of HOD, the average number of galaxies per halo as a function of halo mass, and correlation function of passively flowing galaxies. In § 4 we investigate the second moments of HOD, the average pair counts within a given mass of halo, for passively flowing galaxies. In § 5 we compare the resulting statistics for passively flowing galaxies with the best fit for the observed LRGs, and in § 6 we search for a signature of passive flow evolution or environmental effects in correlation function for the given HOD. In § 7 we study the evolution of bias, compared to linear theory. In § 8 we discuss the details in the clustering of passively flowing galaxies.
SIMULATED HALOS AND GALAXY POPULATIONS

N-body simulations
Our cosmological N-body simulations use the Hydra code (Couchman, Thomas, & Pearce 1995) in collisionless AP 3 M mode. We use the CMBfast (Seljak & Zaldarriaga 1996; Zaldarriaga et al. 1998; Zaldarriaga & Seljak 2000) linear power spectrum to generate many initial Gaussian random density fields at redshift of 49 and evolve them to lower redshifts. We generate the initial fields using the cosmological parameters similar to the 1st year Wilkinson Microwave Anisotropy Probe (WMAP) data (Spergel et al. 2003) : Ω m = 0.27, Ω Λ = 0.73, Ω b = 0.046, h = 0.72, and n = 0.99. We normalize the initial fields by requiring σ 8 = 0.9 at z = 0 and assuming a linear growth function. Each simulation represents V box = 256 3 h −3 Mpc 3 and follows the evolution of 256 3 dark matter particles (∼ 1.0355 × 10 11 M ⊙ /particle). We compute gravity using 256 3 force grids with a Plummer softening length of 0.1 h −1 Mpc in comoving unit. A total of 29 simulations are used to allow little interference from statistical variance.
We use the friends-of-friends method (Davis et al. 1985 ) and identify host halos by adopting a comoving linking length of 0.2 h −1 Mpc. We assign galaxies to dark matter halos with various halo occupation models. In our models, halos with fewer than 100 particles host at most 0.2% of the galaxy population at z = 1 and 3% at z = 2. We use small group multiplicities only to represent the extreme low mass tail of the halo occupation distribution.
HOD models and galaxies
We start with an assertion that the number of galaxies in a halo at the initial redshift is only a function of the halo mass not of environments. We assume that the initial halo occupation distribution follows those observed in the local universe and adopt the following form:
(1) where M is the mass of a halo, M min is a characteristic mass scale for a halo to have one central galaxy, and M 1 is a mass for a halo with a central galaxy to have one satellite galaxy. A central galaxy is assigned to a halo based on the nearest integer distribution with the average of N cen (M ) = exp(−M min /M ). We find the most bound particle 4 within each halo and label it as a central galaxy. For those halos hosting central galaxies, a number of satellites are randomly assigned to the rest of particles in the halo, based on the Poisson distribution with the average of
α over all halos). The satellite galaxies therefore trace mass inside the halo at the initial redshift.
The observed spatial distribution of galaxies within a halo is similar to mass distribution while the subhalo distribution from simulations is antibiased with respect to mass and galaxies (Ghigna et al. 1998 (Ghigna et al. , 2000 Colín et al. 1999; Springel et al. 2001; Diemand et al. 2004; Gao et al. 2004a,b; van den Bosch et al. 2005a; Nagai & Kravtsov 2005; Zentner et al. 2005; Weinberg et al. 2006 , and observational references therein) (but see Taylor & Babul 2004) . Meanwhile, Nagai & Kravtsov (2005) and Conroy et al. (2006) showed that tracing subhalos based on their mass at the time of accretion removes most of the antibias, and using this scheme, Conroy et al. (2006) reproduced the clustering of the observed galaxies. Based on these results, we assume that satellites of LRG progenitors trace mass inside a halo; we cannot be more rigorous, as our mass resolution does not allow us to find subhalos or the mass of subhalos at any given time.
We have little information on how the progenitors of the LRGs are distributed at z 1, and therefore we test a wide range of initial N g (M) . We define 11 different HOD models at z = 1 (Models 1-11) and at z = 2 (Models 21-31) with variations in M 1 /M min and α, shown in Table 1 4 We find a particle with the lowest total energy in a halo.
and 2: at each redshift, 9 models with M 1 /M min = 2, 10, and ∼ 25, and α = 0.5, 1, and 2 and additional two models with only central galaxies. For Model 10 and Model 30, we assign central galaxies without the satellite term in Eq 1. For Model 11 and Model 31, we do not use Eq 1 but consider a case in which halos in a very narrow range of mass can host central galaxies: we take a mass range of a factor 2. We constrain the appropriate initial M 1 and M min by fitting the total number density of galaxies to 10 −4 h 3 Mpc −3 , the number density of the observed LRG sample with luminosity limit −23.2 < M g < −21.2 at 0.16 < z < 0.36 (Zehavi et al. 2005a) .
We trace and locate the labeled particles (i.e., galaxies) in the dark matter halos at lower redshifts down to z = 0.3 and derive their correlation function. We construct HODs of the evolved galaxies by counting the number of galaxies per halo at different halo mass bins. We do not physically identify which of the galaxies become central or satellite galaxies in halos at low redshift, but we make a parametric distinction of the central and the satellite populations. That is, we estimate N cen (M ) by counting halos with galaxies. When halos host more than one galaxy, we count the additional galaxies as satellites and calculate N sat (M ) . By construction, the central galaxies at low redshift follow the nearest integer distribution, while the probability distribution of satellites will be studied in the following sections. From the central and satellite number densities we derived, we fit the resulting N g (M) to Eq 1 and derive the best fit parameters: M min from N cen (M ) and M 1 and α from N sat (M ) . The resulting N g (M) is not necessarily in the exact form of Eq 1, but close enough in most cases that HOD parameters at the initial redshift and the final redshift can be compared. M 1 and α are fitted over halo mass roughly larger than M 1 to have a better description of the HOD for massive halos.
Two-point correlation function
The mapping between two-point correlation function and halo occupation distribution can be described analytically by a halo model of two components: a 1-halo term from the distribution of excess pairs within the same halo, which dominates the small-scale correlation function, and a 2-halo term from excess pairs between different halos, which dominates the large-scale correlation function (Seljak 2000; Ma & Fry 2000; Berlind & Weinberg 2002; Cooray & Sheth 2002) . The distribution of galaxy pairs within and between halos depends on the first and the second moments of HOD, given the halo mass function and the halo profile. Thus features in HOD are closely related to the 1-halo and 2-halo terms of the correlation function.
From our simulations, the two-point correlation function of galaxies is calculated by counting the number of excess pairs at a given separation for each simulation box and then averaging spherically over all simulations. As we only study the distribution of pairs in this paper, we hereafter abbreviate 'two-point correlation function' to 'correlation function'.
HOD AND CORRELATION FUNCTION OF PASSIVELY FLOWING GALAXIES
We start by summarizing the characteristics of passive flow evolution in the HOD, mainly the first moment N g (M) , -The evolution of correlation functions and HODs of galaxies that flow passively from z = 1. The left panels show ξ in real space (upper) and ξ in redshift space (lower). The data points are from Zehavi et al. (2005a) for the observed clustering of the LRGs between −23.2 < Mg < −21.2 at z = 0.3. The middle panels show the evolution of HODs, and the right panels show the decomposed HODs of central galaxies and satellite galaxies at z = 1 (gray) and z = 0.3 (cyan). Black line: the initial condition at z = 1. Blue: at z = 0.3. Red: at z = 0.8, 0.6, 0.4. The input HOD for Model 11, which is a square function, appears smoothed due to our choice of mass bin. The values in the parenthesis in the right panels denote (α, M 1 /M min ) at z = 1. and the correlation function. The clustering bias of these galaxies will converge toward unity with time on linear scales (Dekel & Rees 1987; Nusser & Davis 1994; Fry 1996; Hamilton 1998; Tegmark & Peebles 1998) , which means that the clustering of different models will converge with time 5 . In this section, we will find how this translates to the way for halos to host galaxies and whether there is a similar convergence in correlation function on smaller scales. We assume galaxy populations that passively flow from z = 1 and z = 2. We use various HOD models that span from models with a significant satellite fraction to models with little or no satellite galaxies and study the difference in their fate. We also find how the result depends on the number density of galaxies (and hence the 5 The expected bias at z, bz, for passively flowing galaxies from z 0 , is bz = (bz 0 − 1)/G + 1 on linear scales where bz 0 is the galaxy bias at z 0 and G is the growth factor between z and z 0 . See § 7.
mass scale of the halos).
3.1. Galaxies flowing passively from z = 1
We assign galaxies to dark matter halos at z = 1 using 11 different HOD models (Models 1-11) and trace the resulting evolution of the HODs and correlation functions down to redshifts of 0.8, 0.6, 0.4, and 0.3. Table 1 lists the HOD parameters at z = 1 and at z = 0.3 for Models 1-11. Figure 1 shows the evolution of correlation functions and HODs for Models 1, 3, 5, 7, 10, 11 among those listed in Table 1 
.2 at z = 0.3, which sets the fiducial number density of LRG progenitors in this paper. As expected, the galaxy clustering (except for Model 3) grows slowly with time on all scales while the bias with respect to the dark matter decreases. In Models 1, 2, and 3, in which M 1 /M min ∼ 2, the fraction of satellite galaxies is much larger compared to those with larger values of M 1 /M min . As massive halos host more satellites, low-mass halos host a smaller number of central galaxies at a fixed number density. Thus the clustering is more weighted by high mass halos. The 1-halo term is prominent in these models because the large satellite fraction of massive halos emphasizes the structure of a halo. The trend becomes extreme in Model 3 in which massive halos are weighted most heavily. The evolution of clustering in Model 3 is not as evident as in other models, first because of the statistical noise due to the small number of very large halos and and second because of the large initial bias which drives a decrease in bias toward unity faster: as the galaxy clustering converges toward that of dark matter, the growth of galaxy clustering with a larger initial bias slows down more relative to the growth of dark matter clustering. As halos accrete mass and merge, the final N g (M) at z = 0.3 is parameterized with bigger values of M min and M 1 than at z = 1 ( Table 1) . The evolution of α shows an increase in Model 1, but changes very little in Models 2 and 3. In all cases, the fraction of satellites increases with time due to halo merging events.
Models 4, 5, and 6 start with M 1 /M min ∼ 10 at z = 1 with larger values of M 1 and smaller values of M min , compared to Models 1-3. As a result, the clustering both from 1-halo and 2-halo terms is lower than in Models 1-3. While M min increases with time, M 1 changes little. The value of α increases or decreases toward near unity. Due to the steady M 1 , N g (M) along different redshifts overlaps near M 1 . Model 5, with an initial α = 1, shows little evolution in α.
In Models 7, 8, and 9, M 1 /M min ∼ 30 initially. The clustering strength is even lower in these models as the values of M min is even smaller. As the satellite population decreases from Models 7 to 9, the 1-halo term in the correlation functions is suppressed due to the exclusion effect in a halo finder. However, the evolution of clustering quickly recovers the exclusion effect at later redshifts. The value of M 1 decreases with time while M min increases with time. Again, α evolves toward near unity.
In Model 10, we initially populate only the halos with central galaxies without satellites. At low redshift, many of these central galaxies turn into satellite galaxies by halo merging, and the results at z = 0.3 are very similar to those of Model 9.
The evolution of HOD for Models 1-10 is therefore characterized as following: α approaches toward an attractor near unity, and a large initial M 1 /M min decreases with time (due to halo merging without galaxy merging) while a small initial M 1 /M min stalls. Such evolution of HOD parameters drives the convergence of N g (M) at low redshift. Figure 2 and 3 show the comparisons of HOD and correlation functions between different models at the initial redshift (z = 1) and the final redshift (z = 0.3). From the figures, it is clear that passive flow evolution leads to an asymptotic convergence of clustering on scales above r ∼ 3h −1 Mpc and of the first moment of HOD. Most of the models produce a stronger clustering than that of the observed LRG data while Model 10 marginally fits the data. From Figure 3 , clustering on small scales (r 3h −1 Mpc) varies considerably despite the similarity in their HODs. The difference on small scales implies that the second moment of HOD, that is, the average number of galaxy pairs within a halo, may differ for different models. The difference in redshift-space clustering at z = 0.3 extends to the larger scale than in real-space clustering due to the finger-of-God effect. We revisit this issue of second moments in § 4.
In all models, the increase in M min is consistent with the typical mass accretion between z = 1 and z = 0.3 for the corresponding mass range (e.g., Wechsler et al. 2002) . On the other hand, the mass accretion of halos near M 1 will often involve accretions of new galaxies into the halos. For Models 1-3, the galaxy accretion near M 1 is minor compared to the mass accretion, as the initial value of M 1 at z = 1 is closer to M min , driving the increase in M 1 with time. For Models 7-9, the large M 1 /M min at z = 1 implies that the mass accretion to a halo near M 1 will often accompany galaxy accretion, which must be efficient enough to decrease M 1 with time. Models 4-6 shows an intermediate behavior.
The small values of M 1 /M min at low redshift, that is, the lack of shoulder between M 1 and M min , is different from the predictions of N g (M) for subhalos or galaxies in nonpassive studies (e.g., Berlind et al. 2003; Kravtsov et al. 2004; Conroy et al. 2006; Weinberg et al. 2006) ). The discrepancy is a natural result for passive flow evolution as we do not include any merging or tidal disruption of tracers. With tidal stripping and merging between subhalos or merging to the center, the number of subhalos will decrease with time for a broad range of host halo mass. Semianalytic studies and N-body simulations show that the resulting cumulative number density of subhalos reaches unity at a small subhalo-to-host halo mass ratio (or circular velocity ratio) (e.g. , This small ratio should roughly represent a large value of M 1 /M min by the definition of M min and M 1 . Conversely, the cumulative subhalo mass function with no tidal disruption and merging (e.g., Zentner & Bullock 2003; van den Bosch et al 2005b) hints small values of M 1 /M min for our passively flowing case. Thus, one can reason that, with non-passive flow, M 1 would increase, and then, for fixed number density, M min would have to decrease to include new central galaxies (i.e., host halos that have accreted enough mass to pass the threshold). With decreasing M min (i.e., decreasing mass threshold for subhalos), M 1 will be readjusted. However the value of M 1 /M min will remain large, as the subhalo mass function is roughly self-similar for different host halo mass, although slightly more abundant in more massive host halos (e.g., Gao et al. 2004b; van den Bosch et al. 2005b; Zentner et al. 2005 ).
For galaxies, tidal disruption will be much less efficient than for subhalos as they are more tightly bound systems. Nevertheless, dynamical friction will eventually merge some of them to the central object, more effectively for satellites sitting in more massive subhalos (Binney & Tremaine 1987) , which will result in a larger M 1 /M min than our passively flowing case. The merging products corresponding to the discrepancy between passively and non-passively flowing galaxies should have consequences elsewhere, such as in LRG luminosity function, so that we can verify the model.
As a caveat, we note that our passively flowing samples at the observed time might not simply correspond to galaxy populations in non-passive studies, which are constructed by relating the luminosity of galaxies to the subhalos and host halos above a given mass (or velocity) cut, whether the selection of the subhalos is based on values at the time of accretion or at the observed time. Again, our samples are defined at the initial time, not at the observed time.
All the models we discussed so far show the composite information on galaxy statistics from halos of various mass. To probe the response of the delta function in host-halo mass to passive flow evolution, we select a mass range with a width 2 which gives the fiducial number density and assign one central galaxy per each halo (Model 11). This scheme populates more galaxies in lower mass halos than the previous models do, depriving massive halos of galaxies at the initial redshift. Due to the deprivation of galaxyhosting halos of mass between M min and M 1 , relative to the other models, this model mimics the observed shoulder in HOD of the LRGs at z = 0.3. The resulting correlation function at z = 0.3 appears consistent with the observed data for LRGs as well. The response of a delta function at different mass will slightly vary; otherwise, a superposition of delta functions of different halo-mass, when weighted by the initial N g (M) , will correspond to the evolution of galaxies in Model 10. The correlation function of Model 11 does not appear different from other models as much as its HOD does.
Galaxies flowing passively from z = 2
We next observe the response of correlation function to passive flow from higher redshift. We populate galaxies at z = -The evolution of correlation functions and HODs of galaxies that flow passively from z = 2. The left panels show ξ in real space (upper) and ξ in redshift space (lower). The data points are from Zehavi et al. (2005a) for the observed clustering of the LRGs between −23.2 < Mg < −21.2 at z = 0.3. The middle panels show the evolution of HODs, and the right panels show the decomposed HODs of central galaxies and satellite galaxies at z = 2 (gray) and z = 0.3 (cyan). Black line: the initial condition at z = 2. Blue: at z = 0.3. Red: at z = 1.5, 1, 0.6. The input HOD for Model 31, which is a square function, appears smoothed due to our choice of mass bin. The values in the parenthesis in the right panels denote (α, M 1 /M min ) at z = 2. Table 2 ) with those from z = 1 (Models 1-11). We investigate whether and where the convergence of HOD parameters occurs if galaxies flow passively from z = 2, relative to the galaxies from z = 1. We will show that the evolution from z = 2 to z = 0.3 is qualitatively similar to the evolution from z = 1 to z = 0.3 except that the consecutive time steps cover a broader range of evolution.
and
At higher redshift, the typical halos have a lower mass. The average mass of host halos for the fiducial number density is smaller by more than a factor of 2 than that at z = 1, but these halos are more biased than the typical host halos at z = 1 due to the rarity of the halos at high redshift (Press & Schechter 1974; Bardeen et al. 1986 ). The initial clustering strengths at z = 2 are similar to those from z = 1, and so the resulting correlation function at z = 0.3 is larger for Models 21-31 than Models 1-11.
In general, the transition from the 1-halo to the 2-halo term in the correlation function occurs at a smaller separation at the initial redshift, as expected from the smaller halo-size of the dominant halo population and the steeper halo mass function at z = 2. Models 21-31 start with a similar or slightly smaller initial ratio of satellite to central galaxies compared to Models 1-11 except for Model 23 and Model 3. However, Models 21-31 produce a larger satellite fraction at z = 0.3, which is due to the longer time available for halo merging and accretion events.
In Model 21, 22, and 23, in which M 1 /M min ∼ 2, the fraction of satellite galaxies is much larger compared to the other models, like in Models 1-3. Both M min and M 1 increase at z = 0.3, and α approaches somewhere near unity.
Model 24 the ratio of M 1 /M min decreases considerably at z = 0.3, as in Models 4-6. Again, the value of α converges toward near unity. In Model 27, 28, and 29 with M 1 /M min ∼ 25 initially, we observe the strong exclusion effect at z = 2 that quickly recovers with time. In these models, M 1 at z = 0.3 is less than M 1 at z = 2 just like in the corresponding models at z = 1 (Models 7-9). Again, α approaches toward unity.
Model 30 is almost identical to Model 29. Model 31 evolves to have a region of shoulder at z = 1 but then takes on a power-law shape at z = 0.3 and produces a stronger clustering than the observed LRGs.
From the evolution of the real-space correlation, we find a feature prevailing in most of the models: the growth of clustering is impeded near r ∼ 2 − 5h −1 Mpc (but r > 3h −1 Mpc for Model 23). That is, in Figure 4 , the correlation functions at different redshift become squeezed together over r ∼ 2 − 5h −1 Mpc, implying a suppression in growth of galaxy clustering. This could be a signature associated with a turn-around and infall in the structure formation. In redshift space, the features are less obvious but still traceable. For Models 1-11, the corresponding feature is observable on slightly larger scales. We further discuss about this feature in § 8. Figure 5 and 6 show the comparisons of HOD and correlation function for Models 21-31 at the initial redshift (z = 2) and the final redshift (z = 0.3). Figure 5 shows a stronger convergence of these final HODs than observed in Models 1-11. The asymptotic α at z = 0.3 moves toward slightly larger α than in Models 1-11( Figure 5) . Likewise, Figure 6 shows a stronger convergence between models in the large-scale clustering (r 3h −1 Mpc) at z = 0.3 as well as in small-scale clustering, which is due to the larger bias at the initial redshift and longer evolution time. Again, the small-scale correlation function remains different between models although their HODs look nearly identical. Figure 7 provides a clear view of similarities and differences in the evolution of HOD parameters for the two formation redshifts. The middle panel shows that M min increases with time while α converges toward near unity. The range of resulting M min at z = 0.3 for Models 21- 31 is similar to the range of M min at z = 0.3 for Models 1-11. The right panel shows that M 1 tends to converge to M 1 ∼ 2 − 5 × 10 14 M ⊙ at low redshift while the convergence is stronger and at lower M 1 for Models 21-31. The left panel shows that the resulting M 1 /M min converges toward M 1 /M min ∼ 3 − 4 while the convergence is stronger and at lower value of M 1 /M min for Models 21-31. It appears that the convergence of α is stronger and at a slightly larger value, somewhere above unity, for Models 21-31 than Models 1-11.
3.3.
A test with host halos of lower mass: increasing the number density
We have shown the characteristics of passively flowing galaxies for high mass halos that are consistent with the number density of the LRGs between −23.2 < M g < −21.2 at z = 0.3. The characteristics could depend on the peculiarity (or rarity) of an extreme tail of nonlinearity, and thus we investigate the effect of passive flow for the galaxies of a larger number density, i.e., in lower mass halos. As both Models 1-11 and Models 21-31 produced a clustering stronger than one observed for the LRGs, we also ask whether the observed LRG clustering can be better explained as a random fraction of a parent population with a larger number density that has evolved passively to lower redshift.
We assign galaxies to dark matter halos at z = 1 using values of M 1 /M min and α similar to Models 7-10 but with four times the fiducial number density (= 4×10 −4 h 3 Mpc −3 ) and trace the resulting evolution of N g (M) and two-point correlation functions down to redshifts of 0.8, 0.6, 0.4, and 0.3 (Table 3) . We label these models as Models 7n 4 -10n 4 . These models have slightly larger initial and final satellite fractions compared to Models 7-10.
The evolved clustering of Models 7n 4 -10n 4 is weaker at z = 0.3 than the clustering of the LRGs, which implies that the parent population of the observed LRGs will have a number density between 10 −4 h 3 Mpc −3 and 4 × 10 −4 h 3 Mpc −3 under passive flow evolution. The evolution of M 1 /M min and α for these models is very similar to that for Models 1-11, although the convergence of M min and M 1 is at lower mass than in Models 1-11. Therefore the characteristics of passive flow evolution in HOD parameters we find, that is, the decrease in M 1 /M min and α, are fairly robust for a wide range of halo mass.
The convergence of M 1 /M min and α can be understood from the idea that the passive flow drives the galaxies to flow and distribute like mass, as gravity does not distinguish galaxies from other mass components. The distribution of passively flowing galaxies will then converge to N (M) of mass, which is a power law with an index of unity. With our parameterization, the convergence of N g (M) to the linear equation in halo mass forces a decrease in M 1 /M min and convergence of α toward slightly larger than unity due to our division to central and satellite populations. This asymptotic convergence will be less efficient in mass components lower than M min , as host halos build up hierarchically to larger ones with time rather than disassemble in field, therefore maintaining the biased clustering. The normalization of N g (M) will be determined by distributing the total number of galaxies to halos of M M min .
Note that HODs of all models except for Model 11 resemble the old galaxy population defined at the observed redshifts (i.e., without passive-flow restriction) in studies of SPH simulations or semi-analytic models (Berlind et al. 2003; Zheng et al. 2005) . Model 11 on the other hand resembles the young galaxy populations in those studies.
THE EVOLUTION OF PAIR COUNTS WITHIN A HALO
In the previous sections, we found that while various initial models evolve to a well-defined region of N g (M) at z = 0.3, there still remains a considerable difference in the small-scale clustering at z = 0.3 between models. While the clustering on large scales can be modeled by the 2-halo term that depends on the excess number of pairs between halos, i.e., N g (M) weighted by halo bias and halo mass function, the small-scale clustering (1-halo term) depends on the average counts of excess pairs within a halo, i.e., N g (N g − 1) M , the spatial distribution of the pairs within the halo, and halo mass function. Therefore the comparison of pair counts within a halo will help to explain the difference in the small-scale correlation functions.
When samples are defined at the observed redshifts, SPH and semi-analytics calculations imply that the satel- In the second and the third fields, red lines are for z = 2, and black lines are for z = 0.3. In the third field, Nsat(Nsat − 1) M and Nsat(M) for satellites are calculated among halos with central galaxies. We find that the galaxy populations asymptotically converge to Poisson at low redshift for massive halos. The difference in small-scale clustering appears consistent with the difference in the average pair counts within a halo. lite probability distribution is modeled well by the Poisson distribution Berlind & Weinberg 2002; Kravtsov et al. 2004; Zheng et al. 2005) 
2 , while the central galaxies follow N g (N g − 1) M = 0. From the pair counts of the passively flowing galaxies, we thus will find the effect of removing processes, such as merging, destruction, or creation of galaxies, on the second moments of HOD, again, provided that the initial populations follow HOD as a function of halo mass only and have Poisson-distributed initial satellites if any. Figure 8 shows the pair counts at z = 0.3 for galaxies that passively flowing from z = 2 (Models 21, 23, 25, 27, 30, and 31) and the corresponding small-scale correlation function in real space. In the second field of the panels, the pair counts are divided by N g (M)
2 to be compared to the nearest integer and the Poisson distribution: N g (N g − 1) / N g 2 = 0 for the nearest integer distribution and unity for the Poisson distribution. For HOD models with a negligible satellite fraction for halos at the low-mass end where N cen < 1, N g (N g − 1) / N g 2 will start from zero and approach unity as the satellite fraction grows with M (such as Models 26, 28, and 29). On the other hand, some of our models allow a non-zero satellite fraction for N cen < 1 at the initial redshifts, and this reverses the shape of N g (N g − 1) / N g 2 at the low-mass end as shown in Figure 8 for Models 1 and 7.
From the figure, the evolved N g (N g − 1) / N g 2 at z = 0.3 nicely converges to unity for massive halos in all models. This implies that the passive flow evolution results in satellite populations that follow a Poisson distribution over a wide range of halo mass, although some of the models, such as Models 29, 30, and 31, started with a nearly or purely nearest integer distribution at z = 2. In low-mass halos, galaxies at z = 0.3 follow a nearest integer distribution by construction ( § 2.2) as long as each halo hosts one or zero central galaxy. The third field of the panels, where we show the pair counts of satellites alone calculated among halos with central galaxies, reveals further details on satellite distributions. Except for Model 31, satellites in models with a smaller initial satellite fraction or a larger increase in the satellite fraction between z = 2 and z = 0.3 (i.e., Model 26, 28, 29, 30), converge better to the Poisson distribution, though slightly sub-Poisson. Satellites in models with a larger initial satellite fraction and those in Model 31 tend to be slightly super-Poisson, while converging toward a Poisson distribution at the massive end.
Considering the Poisson distribution of subhalos or satellite galaxies from non-passive evolution Berlind & Weinberg 2002; Kravtsov et al. 2004; Zheng et al. 2005) , our results implies that the processes of merging, formation, or destruction of galaxies (or subhalos), which are not included in our passive flow evolution schemes, preserve the Poisson distribution. This implies that the convergence toward the Poisson distribution probably arises from the random nature of the halo merging (Zheng Zheng, a private communication). Although not shown in the figure, Models 1-10 show similar results while the convergence toward the Poisson statistics is not as strong as Models 21-31. In Model 11, all galaxies for M > 10 14 M ⊙ approach a Poisson distribution (i.e., N g (N g − 1) / N g 2 ∼ 1), while being slightly super-Poisson, due to the relatively large satellite-to-central galaxy ratio for intermediate mass halos despite the small total satellite fraction. Model 31 has a more moderate transition from central to satellite domination.
The fourth and the fifth fields in Figure 8 show ratios of
2 with respect to the values for Model 30. When we compare the first and the fourth fields of the figure, we find that the trend of N g (N g −1) M for M 10 14 M ⊙ is qualitatively consistent with the trend of ξ on small scales, even without considering the details of the mass-dependent halo profile. The comparison be-
2 between models (see § 6). The overall convergence of N g (M) gives the convergence in clustering, and it is stronger on large scales because the 2-halo term depends on the integrated effect of N g (M) over halo mass. The small-scale clustering is more sensitive to the details of N g (M) through N g (N g − 1) M , as each mass bin corresponds to a range of scale r in ξ(r) consistent with a typical halo size of that mass. We conclude that the difference in small-scale clustering between models is due to the difference in N g (M) (and its effect on N g (N g −1) M ), and not to the nature of the scatter (e.g., Poisson or non-Poisson).
COMPARISONS TO THE CURRENT OBSERVATION OF THE LRGS
Previous sections show that passive flow leads to a small value of M 1 /M min and α: in general, M 1 /M min < 10 and α slightly above unity. In this section, we compare our HOD parameters for the passive flow with the fit to the observed LRGs by Zheng et al. (2007b) . Even for the same cosmology, the details of the group finding method or the resolution of simulation may alter mass scale or mass function of halos. Therefore, in order to discuss the differences between our results and the fit by Zheng et al. (2007b) , we first need to identify an LRG population at z = 0.3 in our own simulations that is consistent with the observed clustering and the shape of N g (M) adopted by Zheng et al. (2007b) . By this, we can calibrate our mass scale and assess the physical significance of the parameter space of the HOD confined by passive flow evolution.
A five-parameter HOD fit (eq.
[2]) to the observed LRG clustering, derived for our fiducial cosmology, is kindly provided by Zheng Zheng (in the footnote of Table 4 ). The five-parameter HOD is defined as (Zheng et al. 2005) .
Compared to the Jenkins mass function (Jenkins et al. 2001 ) used by Zheng et al. (2007b) , our halo mass function produces slightly more halos for M < 2 × 10 15 M ⊙ , which can be corrected by rescaling our halo mass down by ∼ 5%, and less halos for 2 × 10 15 M ⊙ < M < 3 × 10 15 M ⊙ , which is possibly due to Poisson noise.
We derive the corresponding values of M ′ 1 , M ′ min , M 0 , and α in our simulations that closely reproduce the best fit number density of central and satellite galaxies provided by Zheng et al. (2007b) so that the relative strength of 1-halo and 2-halo terms is consistent with the observation despite the slight discrepancy in the mass function. In detail, we account for the difference in the mass function by rescaling M ′ min and M 0 up by 5 ∼ 6%, as our halo mass scale in this range is overestimated by ∼ 5%, while adjusting M ′ 1 or α. Note that we do not fit to the observed correlation function directly. We show one example of such fits (we call 'Model LRG') and the resulting correlation function (Table 4 and Figure 9 ). As shown in Table 4 , M In Figure 9 , the clustering of Model LRG is fairly consistent with the observed clustering in real and redshift space except for r < 0.5h −1 Mpc: the slope of ξ over r < 0.5h −1 Mpc is determined by our smallest bin at r ∼ 0.2h −1 Mpc that is likely subject to the effect of our force resolution. In addition, a small discrepancy remains near r ∼ 2.5h −1 Mpc in real space and r ∼ 1 − 2h −1 Mpc in redshift space. Again, note that Model LRG is derived based on the fitted values of central and satellite number densities from Zheng et al. (2007b) rather than a direct fit to the observed clustering data. Although a slight modification in N g (M) of Model LRG may bring the resulting ξ closer to the observed ξ, we find this unnecessary as we will focus on quantitative but low-precision comparisons.
Model LRG produces a shape of ξ which is roughly a power law, mainly because of the existence of the shoulder in HOD that drives a smaller 1-halo term relative to the 1-halo term of dark matter. The shoulder implies a smaller fraction of satellites that is mostly from massive halos in this case, and so smaller pair counts relative to that of dark matter (see Seljak 2000; Berlind & Weinberg 2002) . Model 11 in Figure 9 also shows a shoulder in HOD. Despite the small overall satellite fraction, pair counts of this model imply a Poisson distribution for M > 10 14 M ⊙ unlike Model LRG ( § 4). Nevertheless, the correlation function does not deviate too much from a power-law shape. We revisit this and relate this to the effect of evolution in § 6. We have found that the observed LRG clustering is mostly reproducible in our simulations with large values of M 1 /M min and α imposed directly at z = 0.3, as motivated by Zheng et al. (2007b) . Meanwhile, the observed correlation function of the LRGs does not eliminate the possibility of the LRGs having flowed passively from z ∼ 1: from Figure 9 , those near Model 10 or Model 11 will not fare much worse with the observed LRG clustering than models near Model LRG would.
However, if we take the fit to the LRGs by Zheng et al. (2007b) as concrete, the shoulder in their HOD at z = 0.3 requires some amount of non-passive flow evolution, as it is difficult to reproduce a large M 1 /M min and α at z = 0.3 with passive flow. In general, we need a process to suppress the LRG satellites in low or intermediate mass halos (i.e., 10 14 M ⊙ − 10 15 M ⊙ ) while we need more LRGs in very massive halos. As discussed in § 3.1, including dynamical friction will cause our LRG progenitors to merge to the center, increasing M 1 /M min and possibly moving α around. This process will be more efficient in lower mass halos, as lower mass halos are in general older than more massive halos, and so they would have had more time for this destructive process Taffoni et al. 2003; Zentner & Bullock 2003; Zentner et al. 2005; van den Bosch et al. 2005b; Taylor & Babul 2005) . For very massive halos, however, we face a contradiction of requiring more satellites at z = 0.3 than the conserved number density can give, which means we need a new source of LRGs in these very massive halos. These new LRGs, which are admittedly rare, must have built up enough mass between z = 1 and z = 0.3 through dry merging preferentially in very massive halos. Note however that some models with large initial α (∼ 2) do not violate the number conservation for high mass halos. For example, Model 9n 4 ( § 3.3) might reduce to a large M 1 /M min and α after non-passive evolution without a necessity for new satellites for very massive halos.
GALAXIES ASSIGNED AT Z = 0.3 : FINDING A HIDDEN SIGNATURE OF PASSIVE FLOW EVOLUTION
We have assigned galaxies based on the assertion that the number of galaxies is only a function of halo mass at the initial redshift. However, the subsequent evolution may cause a deviation from this assertion; the clustering or the HOD at z = 0.3 may no longer be a function of halo mass alone. Several studies (Navarro et al. 1997; Bullock et al. 2001; Wechsler et al. 2002; Sheth & Tormen 2004; Gao et al. 2005; Wechsler et al. 2005; Zhu et al. 2006; Harker et al. 2006; Croton et al. 2007; Wetzel et al. 2007; Jing et al. 2007; have indicated that details of halo formation history can affect clustering and properties of halos of the same final mass. For example, at a given final mass, halos that formed earlier show stronger concentration, reflecting the high density of the Universe at early times, and contain smaller number of satellites due to ongoing dynamical friction. It is also shown that, for low mass halos, the clustering of early forming halos at a given final halo mass is stronger than late forming halos (Gao et al. 2005; Wechsler et al. 2005; Zhu et al. 2006; Harker et al. 2006; Croton et al. 2007; Wetzel et al. 2007; Jing et al. 2007; . The clustering trend weakens and reverses for very massive halos, in which most of the galaxies studied in this paper reside.
In this section, we look for signatures of passive flow evolution in correlation function at z = 0.3 that cannot be parameterized by halo mass at z = 0.3 alone. As a caveat, as we assigned galaxies to halos only based on halo mass at the initial redshift of z = 1 or 2, we ignored the effect of halo assembly history on galaxy occupation prior to the initial redshift. It is important to note that the condition of passive flow may draw evolutionary signatures that are different from non-passive populations. We con- struct 'prompt' populations at z = 0.3 that have the same N g (M) and N g (N g − 1) M as those from passively flowing galaxies but that are randomly distributed among halos of a given mass. As a result, this 'prompt' population is a galaxy population assigned only as a function of halo mass at z = 0.3, i.e., without any evolutionary effect. We compare the clustering of passively flowing galaxies, i.e., evolved populations, with that of the 'prompt' populations at z = 0.3.
In detail, we calculate N g (M) by locating passively flowing galaxies (Models 1-11 and Models 21-31) in the halos at z = 0.3 and consider the first galaxy in each halo as the central galaxy and the rest as satellites. We then reassign galaxies back to random halos at z = 0.3 using the derived N g (M) for central and satellite galaxies. In § 4, we claimed that these passively flowing galaxies at z = 0.3 are consistent with central galaxies in a nearest integer distribution and satellite galaxies in a Poisson distribution. We therefore assume these statistics to construct the 'prompt' populations. The central galaxies are located at the most bound particles of halos, while the satellite galaxies trace mass. We label these models as Models 1H-11H and Models 21H-31H, where Models 1H-11H are from Models 1-11, and Models 21H-31H are from Models 21-31. Some models result in a number of galaxies without any associated host halos (about 0.06 ∼ 0.2%) at z = 0.3, especially from Models 1-11. We simply ignore these galaxies. Figure 10 shows the difference in clustering between the evolved populations (Models 1-11 and Models 21-31) and the prompt populations at z = 0.3 (Models 1H-11H and Models 21H-31H). Both populations produce very similar large-scale clustering for the given N g (M) , which means that it is a good approximation in this scale range to take the halo mass as the only variable to decide the number of galaxies per halo, at least for populations in very massive halos, such as LRGs. The difference remains only on small scales, and is larger for models constructed at z = 2 than at z = 1. In detail, the clustering of Models 21H-31H is larger than Models 21-31 over r = 1 − 2h −1 Mpc, even by up to a factor of two for the models with a large number of initial satellites (Models 21-23).
In Figure 8 , we have seen the consistency between the small-scale clustering and the corresponding pair counts among different models. Similarly we will look for any remaining difference in the second moments between the Fig. 11. -The comparisons of pair counts at z = 0.3 between galaxies passively flowing from z = 2 and prompt galaxy populations that are directly assigned at z = 0.3 (Models 21H (solid), 25H (long-dashed), and 27H (short-dashed). Top : ratios of correlation functions of Models 21H, 25H, and 27H to Models 21, 25, and 27, respectively. Middle : ratios of Ng(Ng − 1) M . Bottom : ratios of Ng(M) 2 . The difference in ξ is probably due to the difference in a radial distribution of galaxies within a halo, as the first and the second moments of HODs are almost identical for the evolved and the prompt populations. Fig. 13 .-The evolution of bias. Left: bias evolution for Models 1, 5, 7, 10, and 11 at z = 0.6 (black lines) and z = 0.3 (red). Middle: bias evolution for Models 21, 25, 27, 30,31 at z = 1 (black lines) and z = 0.3 (red). Right: bias evolution for Models 7n 4 -10n 4 at z = 0.6 (black lines) and z = 0.3 (red). Orange lines denote the expected bias values at z = 0.3 assuming linear bias evolution adopting a scale-dependent bias b(r) and a growth factor G(r) from z = 0.6 (left and right) or z = 1 (middle). Y-axes of all panels are in logarithmic scale. evolved populations and the prompt populations, that is, the effect of any deviation from a Poisson distribution for the evolved satellite populations. Figure 11 illustrates the ratios of N g (M) 2 and N g (N g − 1) M between Models 21H, 25H, 27H and Models 21, 25, and 27, compared with the ratio of ξ. The ratio of N g (N g − 1) M shows that the evolved populations at z = 0.3 are statistically very similar to the prompt populations. The noisy fluctuation at the most massive halos contributes only little to the overall clustering. As a caveat, pair counts in intermediate mass halos with a small satellite fraction are not very sensitive to the statistics because they are dominated by central galaxy-satellite galaxy pairs, which in turn depends on N cen (M) and N sat (M) . Because we set these quantities to be almost identical, the shape of N g (N g − 1) M is naturally very similar between the passive and prompt populations as long as satellite populations asymptotically converge to Poisson statistics. Based on the similarity of the resulting pair counts, therefore, the small-scale difference observed in ξ appears rooted in the evolutionary effect of the halo profiles rather than pair counts.
From Figure 10 , the difference in ξ is not constant over scale: the ratio decreases below 1 for r < 1h −1 Mpc but increases above 1 near r ∼ 1h −1 Mpc. The shape of the non-monotonic trend implies a broadened ξ for the prompt populations (except for Models 9, 10, and 11), more close pairs in the evolved populations, and therefore the evolved galaxies taking a steeper radial gradient than the prompt populations whose satellite galaxies follow dark matter gradient at z = 0.3. For comparisons, the cluster galaxy radial gradient suggested from non-passive studies as well as observations is close to or slightly shallower than mass profile (e.g., Diemand et al. 2004; Gao et al. 2004a; van den Bosch et al. 2005a; Nagai & Kravtso 2005; Weinberg et al. 2006 , and observational references therein) with variations in morphological type of galaxies . We try below to provide some physical intuition for why the galaxy gradient would be steeper than the mass gradient for the passively flowing populations.
Our LRG progenitors in passive flow resided in massive halos that correspond to high and rare density peaks at early times. At low redshift, material from these high peaks tends to be more centrally concentrated within a host halo than that from lower density peaks and the overall mass distribution (Diemand et al. 2005; Moore et al. 2006) . Mass coming from these lower density regions remains with few galaxies, as we do not allow any new sources of galaxies. As a result, a host halo at low redshift will have a high galaxy density in its inner region and little galaxy content accreted into the outer region of the halo. In other words, the memory of the typical hosthalo size at high redshift remains in the process of passive flow, resulting in the small-scale difference in ξ. On the other hand, the trend is reversed for Models 9-11 in Figure  10 , where the radial gradient of galaxies appears weaker for evolved population, that is, galaxies are on average less concentrated than mass in this case. These models started with no satellites and probably did not have enough time to populate satellites at a close distance while Models 29, 30, and 31 were able to. In summary, passive flow will result in the galaxies being more concentrated than dark matter within a host halo, unless these galaxies are recent descendants of central galaxies.
We found that for some cases the difference in smallscale clustering due to passive flow evolution is enough to cause the correlation functions of evolved galaxies to appear more like a power law compared to the prompt populations, and vice versa. For example, Models 7H, 10H, and 11H will give much worse fits to the observed LRG points than Models 7, 10, and 11 did in Figure 9 . Therefore the effect of evolution could alter the best fit HOD parameters to the observed clustering. Note that Model LRG in § 5 corresponds to a prompt population.
The stronger radial gradient for evolved populations could also be interpreted in the context of the concentration evolution of the halos themselves with redshift (Bullock et al. 2001; Wechsler et al. 2002; Zhao et al. 2003a,b) , rather than in the context of a radial stratification within a halo with redshift. In other words, what we observe could be due to the passively flowing galaxies at low redshift and at a given final halo mass being more likely distributed among older halos, where mass concentration is on average stronger (Bullock et al. 2001; Wechsler et al. 2002) , as they are halos from massive progenitors at z = 2 or z = 1. As the host halos are fairly massive, it is likely that the corresponding difference in large-scale clustering is little, as in Figure 10 ( Gao et al. 2005; Wechsler et al. 2005; Harker et al. 2006; Wetzel et al. 2007; Jing et al. 2007; .
In redshift space, the difference generally appears as a relative suppression in the prompt populations, except for Models 9, 10, and 11, especially for r < 1h −1 Mpc. The finger-of-God effect evacuates more small-distance pairs in the prompt populations than in evolved populations. As the pairwise velocity dispersion within virialized halos increases with distance , the evolved populations with closer pairs will have a weaker finger-of-God effect. Also, according to Diemand et al. (2005) , the velocity dispersion of material from the rarer peaks is lower than that of matter at a given radius from halos, which may contribute to the weaker finger-of-God effect as well.
We consider the possibility that central galaxies in the passively flowing populations have not settled down at the center of their host halos at z = 0.3 after a series of halo merging events. This will also change the small-scale clustering relative to Models 1H-11H and Models 21H-31H but probably in an opposite direction to what we have observed. We test an extreme case in which no halos in prompt populations host central galaxies. In detail, we substitute central galaxies in Model 27H with random satellite galaxies. Figure 12 shows that removing the central galaxy strengthens the difference between Model 27H and Model 27. In redshift space, the effect is more intense: the finger-of-God effect is strongly enhanced up to r ∼ 10h −1 Mpc due to the missing pairs at small separation. This implies that the evolved populations at z = 0.3 probably have a relatively well-positioned central galaxy and, again, satellites closer to the center.
To summarize, the large-scale clustering of populations that have evolved through passive flow is reproducible with N g (M) , and therefore we do not observe significant environmental effects on large-scale clustering in this sample. The satellite galaxies of passively flowing populations closely follow a Poisson distribution, and so they are indistinguishable in pair counts from the prompt populations with the same N g (M) . The effect of passive flow evolution, however, appears in the spatial distribution of galaxies within a halo, in that the passively flowing populations, unless they are recent descendants of central galaxies, show on average more centrally concentrated distribution than the prompt populations (i.e., mass profile).
EVOLUTION OF BIAS
In this section, we study the evolution of bias of passively flowing galaxies and compare it to the linear theory for passive flow evolution. Figure 13 shows the typical bias evolution for Models 1-11 and Models 21-31. As the exclusion effect in a halo finder is prevailing at initial redshifts, the evolution of bias is considered only between z = 0.6 and z = 0.3 for Models 1-11 (left panels) and between z = 1 and z = 0.3 for Models 21-31 (middle panels). The bias factor at z = 0.3 is compared to the expected linear bias evolution (Fry 1996; Tegmark & Peebles 1998) where we define 'linear bias evolution' by unconventionally adopting a scale-dependent bias b(r) and a scale-dependent growth factor of dark matter G(r) at z = 0.6 (left, for Models 1-11) or z = 1 (middle, for Models 21-31). That is, we define the growth factor G(r) at given redshift z as (ξ m,z (r)/ξ m,z0 (r)) 1/2 where z 0 = 0.6 for Models 1-11 and 1 for Models 21-31, and the bias factor b z0 (r) as (ξ g (r)/ξ m (r)) 1/2 at z 0 . Then the 'linear bias evolution' at z expected from z 0 is derived from
We then compare the expected bias, b lin (r), with the actual bias, b(r) = (ξ g (r)/ξ m (r)) 1/2 measured at z. The bias values at z = 0.3 are consistent with the expected bias evolution over r > 2h −1 Mpc in most of the models, with only small discrepancies on smaller scales. In detail, the bias at z = 0.3 implies that the growth in clustering becomes slightly impeded over r = 2 − 6h −1 Mpc but enhanced over r < 2h −1 Mpc either relative to the growth of mass or relative to the linear bias evolution. The discrepancies appear bigger for Models 21-31, probably due to the longer evolution time and the larger initial bias.
For Models 7n 4 -10n 4 (right panel), the decrease in bias is less than that of Models 7-10 due to the smaller initial bias values and is also consistent with the expected linear bias evolution over r > 2h −1 Mpc. Due to the dominance of lower mass halos in these models, their bias factor at low redshift deviates from the scale-independent bias on smaller scales than Models 7-10. To summarize, the evolution of bias for the passively flowing galaxies is relatively 'linear' for r > 2h −1 Mpc although slightly scale-dependent.
EVOLUTION OF CORRELATION FUNCTION: A SIGNATURE OF INFALL?
In this section, we attempt to characterize the evolution of clustering of passively flowing galaxies on quasilinear scales.
In Figure 14 , real-space correlation functions at z = 1, 0.6, and 0.3 for a number of models among Models 21-31 are divided by a real-space correlation function at z = 0.3. The apparent features are the suppression of growth near r = 2 − 5h −1 Mpc, and the large growth inside the radius (also see the left panels of Figure 1 and 4) . The scale where the suppression appears is slightly larger than the transition from a 1-halo to a 2-halo term where the inflection of a power-law model of biased correlation functions occurs. We compare the growth between z = 1 and z = 0.6 with what is expected from the linear bias evolution (as defined in § 7) from z = 1: the growth between z = 1 and z = 0.3 and between z = 0.6 and z = 0.3 is compared with the linear bias evolution from z = 1 and z = 0.6, respectively. The figure shows that the suppression in growth is not explained by linear evolution of clustering of biased tracers.
This effect may be interpreted as pairs at r = 2 − 5h −1 Mpc moving rapidly to smaller scales as we go to lower redshift, that is, an evacuation of pairs on this scale as structure grows linearly on larger scales but nonlinearly on smaller scales. The feature is less obvious and appears at a larger radius for Models 1-11.
In Figure 15 , we test whether we see the corresponding feature in the different populations or in the matter correlation function. The evolution of matter correlation function does not show an obvious suppression, probably because matter is in steady state in flow from a linear to nonlinear region of radius. On the other hand, 1-halo and 2-halo terms of the galaxies do not equally weight the corresponding terms for matter (Schulz & White 2006 ) but trace the flow of matter differently in the two regions, breaking the steady state.
To examine whether the suppression is a prevalent behavior of biased tracers, we test Models 7n 4 -10n 4 . Figure  15 shows the suppression in growth of correlation function is not obvious at all for Models 7n 4 -10n 4 and so the growth of clustering is scale-independent for r > 2 − 3h −1 Mpc. As a minor point, when compared to the matter correlation functions (right panel), the nonlinear growth of the correlation functions for Models 7n 4 -10n 4 happens on smaller scales than that of matter; this slightly overpredicts the linear bias evolution at r = 2 − 4h −1 Mpc beyond a scale-independent growth (in the left panels). The missing feature of suppression for Models 7n 4 -10n 4 therefore implies that the feature appears preferentially in strongly biased tracers (b 2 at z = 0.3).
CONCLUSIONS
We have used dissipationless N-body simulations to study the effect of passive flow evolution on galaxy clustering and halo occupation distributions. We assumed populations of progenitor galaxies at z = 1 and z = 2 with a wide range of initial HODs, and then studied their properties as they flowed passively to z = 0.3. We investigated for a region of the parameter space at low redshift constrained by passive flow, especially in the halo occupation distribution and in galaxy clustering. Our results are summarized as follows.
Passive flow results in an asymptotic convergence in halo occupation distributions and galaxy clustering. The distribution of the average number of galaxies per given halo mass converges toward a power law for a broad range of the initial halo occupation distributions. The values of M 1 /M min decreases with time, except for the cases with Long-dashed lines : the expected correlation functions at z = 0.6 (red) and z = 0.3 (blue) assuming the linear bias evolution from z = 1. Short-dashed : the expected correlation functions at z = 0.3 assuming the linear bias evolution from z = 0.6. Cyan lines are at constant values and are drawn to help to estimate a scale-dependence of the growth in correlation functions. One finds that the suppression of growth near r = 2 − 5h −1 Mpc is not apparent at all for dark matter or galaxies with small bias (b < 2).
very small initial M 1 /M min . The value of α asymptotically converges toward unity. Both evolutionary behaviors result in N g (M) without a shoulder and thus a shape close to a power law at low redshift.
A similar convergence is observed in the evolution of correlation function. While it is not surprising to find that the large-scale convergence is consistent with the expected clustering from linear bias evolution (Fry 1996; Tegmark & Peebles 1998) , the intermediate-scale clustering also shows a fair degree of convergence in its shape and amplitude when the galaxies have evolved from high redshift (z ∼ 2). The remaining differences in small-scale clustering appears consistent with the differences in N g (M) . Modeling these intermediate and small scales is left for future research.
The asymptotic convergence is enhanced if the galaxies passively flow from higher redshift and so have more time to flow. We also find that the satellite populations are fairly large at low redshift as a result of passive flow evolution.
We have tried the same tests with galaxy populations of a larger number density and found qualitatively similar results. The asymptotic convergence in the HODs and correlation functions is not an extreme behavior for the very high mass halos but is a general result of passive flow evolution. We conclude that the convergence of M 1 /M min and α is the result of galaxies asymptotically becoming less biased with respect to mass with time.
Passive flow evolution drives satellite galaxies to converge toward the Poisson distribution. Other studies for non-passive evolution reproduce the Poisson distribution as well, implying that the merging, formation, and destruction of galaxies happen so that the resulting populations remain in the Poisson distribution.
The comparison of these characteristics of passive flow evolution with the observed LRG data hints at any nonpassive flow processes during the evolution of the LRGs. A suggested existence of a shoulder between M 1 and M min or a large α in the HOD of LRGs when fitted to the observed clustering data (Zheng et al. 2007b , also see Blake et al. (2007) , but see Kulkarni et al. (2007) and Ho et al. (2007) for different results) implies that LRGs have not undergone a strict passive flow evolution. These discrepancies could be due to dry galaxy merging between two LRGs or new LRGs arising between the initial and the final redshifts, with different efficiencies in different environments. The discrepancies should show self-consistent consequences in other observational properties such as in the luminosity function of the LRGs (e.g., Wake et al. 2006; Brown et al. 2007 ). See White et al. (2007) for an example of such a study.
We compared two populations with the identical N g (M) at z = 0.3, one that is reached after passive flow evolution and the other constructed from random halos at z = 0.3, to study whether the evolution imposes any distinct signature in the second moments of the HOD and clustering. The evolved population and the prompt population showed no significant difference in the second moments of the HOD when both satellite populations are assumed to be Poisson at the initial redshift. The effect of evolution did not impose a noticeable environmental dependence in large-scale clustering. In small-scale clustering, inside halos, we find that the spatial distribution of the passively flowing galaxies is on average more centrally concentrated than mass.
The evolution of bias for passively flowing galaxies were consistent with linear bias evolution on quasilinear as well as large scales once the scale-dependent growth factor of dark matter is considered.
We identified a suppression of growth of galaxy clustering near r = 2 − 5h −1 Mpc. The feature is observed in a population with a large initial bias, but not in a population with a small bias nor in clustering of matter.
An interesting extension of this research will be to in-vestigate the characteristics of passive flow evolution in velocity space. Once we understand both spatial and velocity signatures of passively flowing galaxies, we will have a better handle to model the clustering evolution of such galaxy populations. We will also extend our work to nonpassively flowing galaxies, using phenomenological galaxy merging prescriptions.
We thank Zheng Zheng for providing his best-fit HOD parameter estimates for the LRGs and his valuable comments on this paper. HS, IZ, and DJE were supported by grant AST-0407200 from the National Science Foundation. Note. -We show the input HOD parameters at z = 1 and the best fit HOD parameters at z = 0.3 for Models 1-11. Note that M1 and α at z = 0.3 are fitted over M > M1 in order to better describe the shape of satellite HODs at the massive end. The value fcen is the fraction of central galaxies to the total number of galaxies. Table 2 The initial and final HOD parameters for galaxies passively flowing from z = 2 Note. -We show the input HOD parameters at z = 2 and the best fit HOD parameters at z = 0.3 for Models 21-31. Note that M1 and α at z = 0.3 are fitted over M > M1 in order to better describe the shape of satellite HODs at the massive end. The value fcen is the fraction of central galaxies to the total number of galaxies. Note. -We show the input HOD parameters at z = 2 and the best fit HOD parameters at z = 0.3 for Models 7n4-10n4. Note that M1 and α at z = 0.3 are fitted over M > M1 in order to better describe the shape of satellite HODs at the massive end. The value fcen is the fraction of central galaxies to the total number of galaxies. Table 4 The five-parameter HOD at z = 0.3 for Model LRG d The number density of galaxies for Model LRG is 9.817 × 10 −5 h 3 Mpc −3 . This is only slightly different from the fiducial number density 10 −4 h 3 Mpc −3 that we adopted for passive flow.
Note. -HOD parameters at z = 0.3 in our simulations that correspond to the best fit HOD by Zheng et al. (2007b) for the observed LRG clustering. For comparison, when Model LRG is fitted to the three-parameter HOD (eq. [1]), we find α = 1.86, M1/Mmin = 12.2, M1 = 6.790×10
14 M⊙, and Mmin = 0.5563 × 10 13 M⊙.
